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LIGHT EMISSION IN THE VACUUM ULTRAVIOLET +
THROUGH ELECTRON COLLISION EXCITATION IN GASES

Part A: Investigations in Oxygen
W. Sroka*

_1.1 Introduction

In the present paper, excitation processes of pases by slow
electrons (0-200 eV) are investigated, which lead to emission of
radiation in the vacuum ultraviolet. In these processes the gas

molecules (02, N C0, etc.) are dissociated in a simple collision

23
into excited fragments—atoms or ions. These subseguently emit

very. short-wave light, for example:

Xp+e = XX +e
XN XAy

Xp+e =X+ X" +2¢
N e XA,

or
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The absolute values of the exeltation functions lie between 107
and 1077 en
of dissociative excitation processes. It 1s equal to the sum of

. A minimum energy is necessary for the occcurrence

the excitation, dissoeiation, and, if circumstances require, of
the ionization energy. From this threshold potential one can fre-
guently conclude to the energy state of the second dissoclation

product. A current discussion of these results can be found in

[l]n
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It can be shown that the dissociative excitation processes
also occur in non-independent "discharges in a homogeneous electric
field and in weak current corona discharges. In these processes,
‘such lines, among others, are exc¢lited whose wavelength 1s shorter
than the ionization wavelength. of the initial molecules. In a /2005
series of previous papers [2-5], this so-called gas lonizing radi-
ation has been treated. The mechanism for generating this radia-
ticn can only be understood as a dissoclative excitablion process
[1]. In the papers mentioned, the various parts of the gas loniz-
ing radiation were characterized by their respective absorption
coefficients. These components can now be associated with their
corresponding wavelengths. Furthermore, the associated transitions

can be ordered into well-known level schemes.

The measurement program includes. the determination of wave-
lengths of the radiation components which ¢ccur during collilsion
processes as well as their excitation functions. In reference to
the investigaticn of the gas ionizing radiation, the spectra on
the above-mentioned discharge types as well as the absorption

coefficients on individual lines must be measured.

1.2 Measuring Principle

To measure the excitation function, an electron beam of vari-
able energy is directed into a collision cell filled with tThe gas
to be investigated. The pressure in the cell is maintained suffi-
clently low (p < 1073 torr) that multiple collisions are excluded.
The luminous gas column at the locality of the electron beam is
investigated with a vacuum monochromator. An open multiplier serves
as detector., A recorder registers the intensity directly for each
of the respective radiation components, as a function cf the collid-
ing electron energy. On the other hand, the spectral intensity
distribution of the radiation at constant electron energy can be

determined. The setting of the monochrometer wavelength 1s achieved



by rotation of a secreen which 1s coupled with the‘paper advance of

the recorder. . _

The collision cell at the entrance of the spectrograph can be
replaced by a collision chamber. In this chamber can be arranged
optionally a weak current corona discharge or a non-independent
discharge in a homogeneous electric field. These resemble those
used in [3] and [4]. With the apparatus modified in this fashion
the spectrum in each of the respective discharges can be measured.
Furthermore, the absorption coefficients of the individual radia-
tion components can be determined. TFor- this purpose the pressure
‘in the spectrograph is varied at constant discharge conditions in
the light scurce. From the behavior of the intensity as a function
of pressure in the absorption chamber, the absorption coefficient

can be determined.

1.3 The Ceollision Apparatus'and'the Vacuum Monochrometer

Figure 1 shows a sketch of the collision apparatus. The elec—
tron beam is generated in a Plerce gun, and has a crogs-seciion
0.04 em x 1.5 em., An indirectly héated nickel sinter cathode [6]
is used, which is relatively insensitive with respect to oxygen.
Beam limiting occurs at electrode E“. The voltage at electrode

B
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pgenerated at the preceding electrodes can be kept away from the

lies near the cathode potential, so that the secondary electrons

collision chamber. The diaphragm cross-sectlon of the remaining
electredes is greater than that of EM' The entrance and exit

the electron beam into or out of the collision cell is effected
through pressure steps. In order to hold back the secondary elec-
trons generated at the receiver, the electrode E9 also lies near
the cathode potentiali. The voltages on E6 and ES are arranged so
that the current at the receiver (maximum 150 pA) remains constant
upon variation of the collision cell voltage., The beam is colli-

mated along its length by a homogeneous magnetic field (100-400



Gauss), During operation, the electrode system is maintained at
a temperature of about 250° C, in order to reduce contamination
of the digphragmn.

Figure 2 shows a sketch of the collision apparatus in cross-
section. The radiatioh——generated at the place of the electron
- beam—goes through a pressure stage into the grating of the mono-
chromator {type Seya-Namioka). The grating is made of platinum
and has 1200 lines/mm. At the exit of the monochromator a slit
width of 0.4 mm has been chosen. The multipiier signal (Bendix
M 306) is placed con the y-coordinate of a two-channel recorder,
via an amplifier and a coupled rate meter. The x-channel shows
the voltage of the collision cell. The beginning of the ion
stream can be measured with a probe and with a subsequent direct

current amplifier.

The wavelength resclution of the collision apparatus 1s only
about 12 ﬁ, since the luminous gas column is directly imaged on
the exit slit (without entrance slit), because of its low intens-

ity.

Calibration of the energy scale of the colliding electrons
is achieved by measuringrthe threshold potential of the He reso-
nance line (2p 1P + 1s T8) at 584 &, which lies at 21.2 eV. About
10-20% He is added to the gas under investigation. The process
is explained, by way of example, in Fig., 3 for the oxygen line
(A = 833 R). At first the excitation function of the He line is
measured; then the oxygen line. As a control the exceitation func-
tion of the He line is then checked again. The threshcld potential
of the He line marks the energy value 21,2 eV; The energy scale
can alsoc be calibrated by measurement of the icn stream threshold
(see Fig. 2)—even though with less accuracy. The accuracy of /2007

the measurement of the threshold pofential comes at most to about

+0.8 eV-—according to the intensity of the line under cconsideration.
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' : Fig. 3. The curves 1 and 2 show the ex-
o ! #ﬁ . eitation function of an He line (A=584 ﬁ)
. , and an oxygen line (A=833 2). The exci-
f tation function of the He line was tra-
' versed twice for control purposes. The
threshold voltage of the He line lies at
i i o 2,2 eV, The energy scale is calibrated
L ! ‘ by this value. The measurement yields a
|
b

j threshold potential for the OH line of
T T e 37.5 eV. It must be noted here that the
®® . excitation function begins with a bend.

1.4 Determination of the Absolﬁte Values of the Execitation Functions

To determine the absolute values of the excitation functions,
helium gas 1is-added to the sample gas. The Intensity of the respect-
ive line is then compared with that of a helium line (584 &) under
similar excitation conditions. The absolute value of the excitation
function of the helium line can be determined with the help of data
available in the literature [7,8]. The wavelength. dependence of
the grating reflection [9,10] and the quanftum yield of the multiplier
cathode (tungsten) must be considered asrcorrections. The reflection
capablility of the grafing and the quantum yield of the photocathode
can, under some circumstances, be influenced by layers of féreign
"matter. It 1s further possible that the collision cell has a some-
what different gas mixture than the supply container. Calibration
of the intensity scale can therefore only give a preliminary approx-
imation for the absolute value of the excitation functicn. Errors
in the intensity ratios of neighboring lines (wavelength separation
CAX < 200 ) will be small (below 10%). But larger errors can ap-
pear in the absolute values and in the intensity ratios of lines

more distant from one another.,

1.5 Measurement of Spectra from Corona Discharges

To determine the spectra from corona discharges, a dilscharge
region is installed at the entrance of the spectrograph. It con-
sists of a cylindrical pipe in whose middle a corona discharge takes

6



- place at a coaxial inner conductor (50-300 p diameter). The current
- intensity can be chosen between 0.5 uA and 30 uA, according to the
pressure domain., The current reading refers to that part of the
discharge path from which photons reach the grating. The radiation
reaches the moncchromator through a slit——which simultaneously serves
as a pressure step. Positive as well as negative polarity of the

inner conductor was used in this process.

The pressure in the discharge chamber can come up to 15 torr,
according to the slit width (70-300 u), without the monochromator
pressure rising above 1073 torr. Gas supply ‘1n the discharge cham-
ber is through a needle valve. To avoid‘contamination effects, the

inner conductor is heated to low red heat during operation.

The wavelength scale 1s calibrated by measurement of known
lines of helium or argon. In this arrangement a measurement of the
wavelength is achieved of about 1-2 A, Resolving power 1is here
about 5-8 &. Both maghitudes are determined by the slit opening
(exit slit width equal to entrance slit width). The cholce of slit

width again depends on the intensity of radiation.

1.6 Measurement of the Absopriion Coefficient

To determine the absorption coefficient of individual radiation
components, the dischargé parameters (pressure, X/p, and current)
are held constant, and the pressure in the monochromator is variled.
For this purpose the pumping effect of the pump is throttled and
besides the gas is emitted into the monochromator through a second
"needle valve {flow-through process). The monochromatoer presgsure
(10-3 to lOdl torr) is measured with McLeod manometer (measurement
accuracy about 5%). Furthermore, during this measurement the open
multiplier must be replaced by a closed one {type EMI 9502 S), be-
cause of the high manochromator pressure. The front side of this

device has a sodium salicylate layer as radiation convertor. To



reduce dérk current, the thermally isolated multipller is kept at
a temperature of about -60° C.

1.7 Measuement of the Spectrum of a Non-Independent Discharge

in a Homogenecus Electric Field

Te investigate the emission of radlation of a non-independent
discharge in a homogeneous electric field, the discharge region
(90° Rogowskil profile; plate separation 3 em maximum) is so arranged
at the entrance of the spectrograph that the entrance slit lies at

the anocde.

The inner part of the cathode consists of a guartz plate on
which a Pd-film of about 300 2 thickness is sputtered [11]. Pri-
mary electrons are ejected from the cathode by means of a flasgh-
lamp, and an electrode avalanche forms which runs to the anode.

The ancde emits very short-wave radiation. Since the intensity in
this experiment (maximum 3 flash impulses) is of the same order of
magnitude as the dark current of the multiplier, a linear gate
circuit 1s arranged between the secondary electromultiplier and the
counting device. The gate is opened by a trigger impulse on the
flash lamp, for the time that photéns are emitted from the discharge

iine.

2.1 Measurement Results from the Collision Experiment /2005

Radiation in the extreme ultraviolet (i < 1100 &) arises from
the interaction of slow electrons (Ekin < 200 V) with oxygen mole-
cules. Fig. la shows a spectrum taken with the apparatus explained
in Section 1.3, The energy of the cdlliding electrons was 60 eV.
The wavelength of individual components are tabulated in numerical
order in Table 1. Fig. 5 shows the excitatlion sections of the lines
which have been measured with the arrangement described in Section
1.3. The threshold potentials and ﬁhe approximations determined in
accord with Section 1.4 f-» the absolute values of the excitation



functions at 100 eV are likewilse found in Table 1. The exéitation

functions of all the lines could not be determined because of low
intensity.

N

700 800 350 1000 (A}

¢ = : v ; —

Fig. da (below). Spectrum of oxygen excited by approximately
monoenergetic electrons with energy 60 eV.

Fig. 4b (top). Spectrum of a corona discharge, likewlse in
oxygen. Resolving power is less in Fig. 4a than in
4b, because of intensity reasons.

2.2 Discussion of the Excitation Process

The lines appearing in the spectra of Fig. 4a can be unambigu-
ously‘identified as the O I- and 0 II-lines, by comparison with
spectroscople data [12-16). Mclecular radiation does not appear
in oxygen in this wavelength region. This is furthermore confirmed
by the relatively high threshold potential. Table 1 shows the as-
sociated transitions. Because of low pressure in the collision
chamber'(p < 10"3 torr), the excitation of this atomic or ionie
radiation can only result in a process in which an electron disso-

ciates the O2 molecule Into excited fragments in a single collision.



One of the fragments—an atom or ion—is excited and emité light

in the region of the vacuum ulraviolet.

The excitation funetions (Fig. 5) not only represent the inter-
action cross-section for direct excitation of these levels, from
which emission cececurs, but can implicitly contain excitation cross-
sections of higher levels which contribute to the population of the
observed level-—according to the respective transition probability.

The threshold of the excitation function is linear (Fig. 5);
only the line at 833 2 shows a positively curved behavior immedi-
ately at the threshold value.

Yot

20 &l 60 80 100 120 10 160 e oY

Fig. 5. Excitation functions in oxygen. The ordinate is divided
into arbitrary units. Absolute values for the excltation
function can be taken from Table 1.

It is remarkable that the exeltation functlion of the component
with A = 990 % shows a new vise at higher energies. 1In the neigh-
borhood of A = 990 E, there are a number of 0 I-lines, which cannot

10



be completely resolved by the monochromator. It is possible that
the‘rise can be based on the Increased exeltation of one of the
lines at higher energies. It 1s alsc concelvable that the A = 3§50 R
line results from several competing dissqciating processes, one of

which only becomes effective at high energies.

The minimum energy necessary for the excltation of one O I-line
equals the sum of the excitation and dissoclation energy (5.1 eV).
For the excitation of the O II-line ionization energy must also be
included (13.6 eV). 1In view of the measured threshocld potentials /2009
and under consideration of the uncertainty in measurement for the
voltages used (0.8 eV), it can therefore be asserted that the
second dissociation product for lines number 5 (879 E), 9 (990 K),
and 11 (1028 &) is an oxygen atom in the ground state (Epu 3P).
Thus, for instance, the followling dissociative excitation process
results for line §:

NOS) e (B> 18eV)
=002p 30 + 0(3s 31.)_) +e¢
The transition 0(3s 3D) + 0(2p 3P) gives radiation with A = 990 &
(12.5 eV). '

In the region from 17 eV to 20 eV—that 1s, where the threshold
potentials lie~—the absorption spectrum of 02 has strong structure.
The absorption lines have not yet been classified [17]. Likewise
the electron emission spectrum of O2 has structure [18]. It is
therefore conceivable that the excitation happens through an inter-
mediate step, l.e., & highly excited molecular state is formed first,
which then dissoclates Into excited atoms. Except for the ftotal
angular momentum, the quantum mechanical sftates of thé dissociation
products are indeed known, but no unamhiguous conclusions can be
drawn from this with respect to the intermedliate state, if it is
formed at all [19].

11



For line 4 (833 E), the measured threshold potential lies
about 4.1 eV above the calculated minimum value. The excess energy
can be given off wholely or in part in the form of kinetic energy
of the dissoclation partner. In [20] it is shown that in dlssoci-
ation processes of 02, fragments with kinetic energies up to 10 eV
and more can appear. Further, it would be energetically possible
that the second dissociation product is an 0 atom in the 2p 18— or
2p lD-state (4.2 eV or 1.9 eV above the ground state). In a
Grotrian diagram of O II [21] no cascade transition into the 2pa MP-
level of 0 II are shown. Therefore the possibility of a primary /2010
excitation of O Il levels {(maximum 4.1 eV above Epi4 MP) and follow-
ing cascade processes there into the 2p qP—state can here be ex-
cluded. '

The excess energy of the radiation component 3 (717 3) comes
to about 8.3 eV. Here the second dissociation product can be an
excited O atom. Further, thé higher excited O II ion can be first
formed, which populates the 2Zp! 2D—1eve1 trough cascade transitions.
Finally the excess energy can be glven at kinetic energy to the
dissociation partner, if in the primary proccess an electron transi-

tion takes place into the strongly repelling potential curve of O;.

3.1 Results Concerning Gas Tonlzing Radiation from Previous Shower
Experiments

Gas ionizing radiation is characterized by its ability toc lon-

ize the original gas; the wavelength is therefore shorter than the
ionization wavelength (for 02 this is li = 1027 R). In a series of
researches (see [2-5] and the literature cited there), it has been
shown that gas ionizing radiation doés exist in oxygen. This radi-
ation appears in corona discharges as well as in non-independent
discharges in homogeneous electric fields. Three radiation compo-

nents have been demonstrated with absorption coefficients My o= 38 em,

12



[sic], My = 250 cm For the first two . components
~ the:number of photons per ilonlzation event (w/a) was measured in

. [3] as a function of X/p (field strength/pressure); besides the ex-
- tinetion pressure was determined. It could be shown that the in- ’

1 My =500 em™t,

 ten$ity of gas iohizing radiation was in all cases strictly propor-
tional to the discharge current density. The absorption coefficlent
HyF 38 cmfl proved to be pressure independent. But the origin of

‘the gas ionigzing radiation remains unexplained, since nothing could

- be sald concerning 1ts spectral intensity distribution.

3.2 The Excitation Mechanism for Gas Iénizing Radiation

As Pig. 4b shows, a corona discharge (shower experiment, compare
1.5} has the same radiation component as a collislion experiment
(Fig. Y4a). The wavelength of the lines can be measured here with
more favorable resolving power and with greater‘accuracy because of
“the increased intensity. With the aid of these measurements, Table
1 was completed. The spectrum shown in Fig. Mb‘wag taken at an op-
.~ erating pressure of p = 0.6 torf. When pressure is reduced furthef,
..the corona discharge becomes unstable., The current intensity here
came to 29 wA. But the intense radiation components ‘can still be '
observed at currents below 1 uA. If one works at higher pressures,
. then only the weakly absorbed components reach the entrance siit of
the monochromator. Besideé the pressure rise influences the intens-—
~ ity of the discharge through collision quenching and through the
altered value of X/p. I

Ccontinuation of the spectrum towards longer wavelengths—whose
reproduction has here been dispensed with-—shows further 0 I-lines.
These radiation components are also given in Table 1.

LSeotions of the spectrum of an oxygen discharge in a homogene-
ous electric field are given in Fig. 6. It was taken with the appa-
 ratus described in Seection 1.7, with X/p = 250 volt/torr-cm. Be-
1cause,of low intensity—maximum 3 impulses per {flash at the multipliér

13
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exlt—the spectrum was traversed vefy slowly with a large integration
time constant. The lines in Fig. 6, therefore, can be represented
only singly.

Investigations show that a non-independent discharge in a homo-
geneous field emlts the same radlation components as a corona dis-
charge. According to 2.2, the lines can be excited in a one-step
dissoclation process. Since, according to 3.1, the intensity for
shower experiments 1s strictly linear in proportion to the discharge
current, the excitation here must also be in a single step, namely
through the disscciation process treated in Section 2. As the spec-
tra show, such lines are emitted here whose wavelength 1s shorter
than the ionization wavelength of the oxygen molecule. The origin
of the gas ionizing radiation can consequently be understood in

atom-physical terms as a dissoclative excitation process.

2 o -
- Fig. 6. Sections of a spec-
i ‘ trum of a non-independent
' discharge in a honogensous
5 electric field. Because of

950 879 [A) the large integration time
: constant, the lines were

traversed singly from lower
to greater wavelengths. The
side maximum at the right
of the radiaticn component
at A=990 ﬁorepresents line
10 (999.5 A). The line at
717 A expresses itself only
a8 a weak rise in the back-
ground.
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Int,

Fig. 7. The intensity of several
oxygen lines is plotted semi-
logarithmically against the pres-
sure in the abscrption chamber.
1) 2=999.5 &; 2) A=833 &; 3) A=

. = 880 &; U) A=990 &. As abscissa

| unit the value 101 torr was chosen

for the straight lines 1 and 4,
and the value 10-2 torr for the
gtraight lines 2 and 3.

3.3 Remarks Concerning the Investigations in a Homogeneous Field /2011

Fig. 6 shows that the signal-to~background ratio is sufficient
to investigate the intensity of individual lines as a function of
discharge parameters. Since the absorption coefficients and the
excitation functions are known, 1t would be possible to draw con-
clusions from thils concerning the extinction pressure and the

energy distribution of the fast electrons.

3.4 The Absorptlion Coefficients of ﬁhe Gags Tonizing Radiation and

Comparison with Prior Investigations

The individual compeonents of gas ilonizing radiation have been

distinguished [3] and [4] through theilr absorption coefficients.

15



In this research the wavelength of gas ionizing radiation was de-
termined. If the absorption coefficients of individual lilnes are
also measured, then the radiation components investigated in [3]
and [4] can be assigned appropriate wavelengths. The absorptions'
in [3] concerning the extinction pressure and the behavior of w/a
as a function of X/p can be connected with the results of this re-

search,

The absorption coefficlents of the gas ionizing radiation 1n
Oé are determined in the procedure according to Secﬁion 1.6. As an
example, Fig. 7 shows the 1ntensity of four lines, plotted semi-
logarithmically against the pressure in fthe receiving apparatus.
In this representation, the.intensity falls linearly with pressure. /201’
For every radiation component several such straight lines were meas-—
ured. From the measured slopes, the absorption coefficient u can
be determined. The values so obtained are entered into Table 1.
In the evzluation, the multiblier background was taken into consid-
eration. The er.or of measursment of the absorption coefficlients

is around 8—10%,

The lonization wavelength of 02 lies at 1027\3. Therefore,
line 12 at 1041_3 (p = 21 cm_l) canhot lonize the O2 molecule. The
ionization effect of line 11 at 1027 & (p = 35 cm_l) will be small.

The radlation component chracterized by u = 38 cn™ 1n [3] ana
EM] can be assigned to the lines number 9 and 10 at 990.6 R (p =
= 41 cm"l) and 999.5 i (u = 28 cm_l). The influence of line 9 pre-
dominates, sincé its intensity is substantially greater than that
of line 10 (compare Fig. 4b). According to [3], the line 9 can be
'assigned the extinction pressure of 2;5 torr and the w/a-value of

the radiation component characterized there by u = 38 em L.

In the component with u = 250 em™ % from [3], the lines U at
833 % (u = 310 em™2), 5 at 879 & (u = 270 ecm™t), and 8 at 974 R
(p = 170 cm—l) are all contained. The overlap of the radiation

16
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components numbers 4, 5, and 8 is described through the extinction
pressure 0;5 torr and the w/a-value of the component characterized.
in [2] by p = 250 em T,

The strongly absorbed radiation component with u = 550 cm—1

(according to [3] and [4]) comes from the components 1 and 3 at

536.8 i (u = 520 cm—l) and 717.3 2 (p = 500 cm—l). The line number
o]

2 at 615.2 A has low intensity, and besides is strongly absorbed

(n is possibly greater than 1000 cm_l).

Finally, it should be said that the above results concerning
vacuum ultraviolet emission of gases in electron showers agree well
with prior results concerning gas ionizing radiation 1n corona dis-
charges and in non-independent discharges in homogeneous electric
fields. They have received a satisfactory_explanation through the

results of beam experiments reported here.
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physics, for his collaboration in the investigations in the homo-
geneous electric field. The work was financially supported by the
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